There is general agreement in the scienti c community on the need to identify appropriate animal models that can be used to screen for gender-based differences. At the same time, there is a growing expectation for data from these models to mimic or be more predictive of the human experience. The species in this review will include nonhuman primates, rats, mice, rabbits, swine, hamsters, gerbils, quail, and sh. Although some of the models are unique, the gender-related differences, in most instances, may be correlated with man, due to the conservation of biological systems across species.
A substantial quantity of scienti c literature attests to the fact that there are marked or subtle gender differences in the functioning of a number of nonreproductive tissues in animal models and in humans. However, historically, human clinical trials have placed signi cant constraints on women of childbearing capacity (FDA 1997) . Hence, various organ system responses to injury, as well as potential treatment for such injury, were based primarily on studies of male subjects. This policy was recently modi ed to be more inclusive of women (Merkatz et al. 1993) , because there has been an increasing emphasis on the role that gender plays in research and safety testing in both human and animal studies.
Given the marked impact of gender on tissue physiology, it is imperative to include not only age or strain, but also gender as a variable in clinical and experimental studies (Ahmed et al. 1999) . This broadening of focus has intensi ed the search for animal models capable of demonstrating gender-related differences in response, and greater emphasis is being placed on the validities of extrapolations of animal data. The criteria for these extrapolations range from super cial similarity ("face validity") to demonstration that knowledge obtained from a model is related to predictable outcomes in humans ("predictive validity") (Russell 1991) .
The goal of the present review was to document animal models that demonstrate gender-related differences that are predictive for man and to include observations that might be helpful to an investigator or study director during the selection of a particular animal model. Nonhuman primates, swine, rabbits, rats, mice, gerbils, hamsters, quail, and sh were included in the literature search for this review.
Nonhuman Primate Models of Atherosclerosis
Atherosclerosis, the pathobiological process that underlies coronary artery and cerebrovascular disease, has substantial public health relevance and is dif cult to study in humans because the disease spans decades of time. Therefore, appropriate animal models are necessary to accelerate the disease process (by diet) and to test potential therapeutic agents under controlled conditions. Two speci c areas were identi ed for which nonhuman primates seem uniquely suited as animal models: (1) gender differences in lesion development and (2) psychosocial in uences on disease (Kaplan et al. 1991) .
In general, New World monkeys such as squirrel monkeys (Saimiri scireus), have had limited value in atherosclerosis research due to their propensity for chronic renal disease, which modulates both their lipoprotein metabolism and atherosclerosis (Clarkson 1998) . In collaboration with scientists from the Gladstone Laboratory, Clarkson further observed that male cotton-topped marmosets (Callithrix jacchus jacchus), used widely in studies of lipoprotein metabolism, were more likely to have coronary artery atherosclerosis than females. Only males fed an atherogenic diet were susceptible to glomerular lipid accumulation with mineralization.
As a model, marmosets are hardy, breed well in captivity, and normally twin. Because of their small size, 300 to 350 g, they may be useful for safety testing, particularly when only small quantities of test article are available.
Male-female differences in diet-induced atherosclerosis have been studied in more detail in the cynomolgus monkey (Macaca fascicularis) than in any other species. In 1998, Clarkson compared adult male cynomolgus monkeys with premenopausal females of the same age and found gender differences very similar to those in human beings. For example, the female monkeys had signi cantly higher high-density lipoproteins (HDLs) during their active reproductive years than the males. Male cynomolgus monkeys also developed moderate to extensive coronary artery atherosclerosis, whereas the female monkeys had signicant protection from coronary atherosclerosis during the reproductive years when higher concentrations of circulating estrogen were present.
Gender differences in atherogenesis research can also be inuenced by psychosocial behavior, as demonstrated in a series of studies by Kaplan et al. (1982 Kaplan et al. ( , 1984 , in which dominant or subordinate monkeys were studied in a stable or unstable environment ("stable" meant a group of animals that had lived together for several years; "unstable" meant that the social group was changed monthly). As expected, cynomolgus males that were dominant and lived in an unstable situation had about twice as much coronary artery athersclerosis as their dominant counterparts who lived in a stable social situation. Yet, dominant grouphoused cynomolgus females experiencing no competitive stress hardly developed atherosclerosis, whereas subordinate females had extensive coronary artery atherosclerosis that was comparable to males and postmenopausal females. Thus, it is quite evident that results from nonhuman primate studies can differ markedly, depending on the impact of psychosocial parameters as well as gender-related differences.
The Pig and Minipig in Toxicology and Research
Swine, Sus scrofa domestica, are widely used in research and testing. Recently, usage of minipigs, such as Gottingen, Yucatan, and Hanford, rather than domestic farm breeds, has helped facilitate chronic dermal and reproduction toxicology studies due to their slower growth rates. The pig exhibits many similarities with man in cardiovascular anatomy and physiology, spontaneous development of atherosclerosis, including a comparable heart to body weight ratio, lipoprotein structure, and propensity toward obesity. The minipig develops parkinsonism after treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), diabetes after treatment with streptozotocin, and hypercholesterolemia and atherosclerosis after treatment with hypercholesterol diets. Several lines of transgenic pigs are also showing promise as organ donors in the eld of xenotransplantation (Scandinavian Journal of Laboratory Animal Science 1998. Vol. 25 Suppl. 1.).
Because of the similarity of the cardiovascular system in humans and pigs, a considerable amount of cardiovascular research has been conducted in pigs. Yet, despite this work, the physiologic mechanisms underlying the gender difference in the incidence of coronary artery disease are still poorly understood, although the general consensus is that estrogen exerts a protective effect on the cardiovascular system (Williams, Adams, and Klofenstein 1990) .
In 1995, Farhat et al. examined the effect of testosterone treatment on the vasoconstrictor response of the left anterior descending coronary artery (LAD) in male and female pigs. Intact male and female pigs were treated for 2 weeks with slow release testosterone implants. The effect of testosterone administration on the response of LAD arterial segments to Kcl and prostaglandin F 2® (PGF 2® ) was recorded. These two agonists were chosen as representative nonreceptor (Kcl) and receptor (PGF 2® ) spasmogens. Continuous low-dose testosterone treatment signi cantly enhanced the response of the LAD of both sexually mature intact male and female pigs to the vasoconstrictors Kcl and PGF 2® . This is quite important because of the relationship that vasomotor control and coronary blood ow have on myocardial function. These results suggest that testosterone may facilitate the development of coronary artery spasm.
Testosterone also promoted synthesis and release of several pressor mediators implicated in the pathogenesis of myocardial infarction and diabetes (Polderman et al. 1993; Miller et al. 1999) . These ndings suggest that the cardiovascular system in the pig is a target for androgen action and that this interaction may contribute to the sex difference observed in cardiovascular function.
Other gender differences in uencing the cardiovascular system have been found. For example, endothelin-1 sensitivity of porcine coronary arteries is reduced in males by exercise training. A difference in K-channel function may be responsible for this gender difference (Jones, Rubin, and Magnolia 1999) . There are gender differences in platelets in the release of cyclooxygenase metabolites of arachidonic acid and 5-hydroxytryptamine (5-HT) (platelet by-produc t). Release of thromboxane A2 (TXA2) was greatest in male pigs. The release of 5-HT and prostacyclin was greatest from platelets of ovarectomized pigs compared with male and female pigs (Miller, Lewis, and Barber 1999) . 17¯-estradiol exerts a mild constrictor effect on the coronary microvessels of normal castrated, juvenile males whether estrogen-naṏ ve or estrogen-pretreated. In contrast, sexually mature normal females exhibit mild dilatation of the coronary microcirculation in response to acute estrogen stimulation (Berman and Gerwirtz 1997) .
The Rabbit in Research and Toxicology: Gender Differences
The European rabbit, Oryctolagus cuniculus, consists of many varieties and breeds, but the New Zealand White breed is by far the most commonly used stock in laboratory animal research and testing. Rabbits are used as models of atherosclerosis, glaucoma, complement (C6) de ciency, cardiomyopathy, hypertension, immunology, aging research, and teratologic investigations (Fox, Cohen, and Lowe 1984) . Most of the rabbit gender differences cited in the literature relate to atherosclerotic lesion development and vascular response to hypercholesterolemia. Some examples are given below. Hayashi et al. (1997) explored possible mechanisms of the antiatherosclerotic effect of estrogen. The results of the studies indicate that 17¯-estradiol inhibits the induction of nitric oxide synthase (NOS) in aortic endothelium by a receptor-mediated system. The nding may offer a new mechanism for this sexually dimorphic response. Holm et al. (1998) investigated plasma-independent mechanisms for the sex difference in the development of atherosclerosis. Results from these experiments suggest that female atheroprotection is independent of sex differences in plasma cholesterol but virtually dependent on the state of the arterial endothelium and involves mononuclear-endothelial cell adhesion as an early step. Lennon et al. (1996) investigated the mechanisms and gender differences associated with complement-induced endothelial dysfunction in rabbits. They found that complement activation directly attenuates endothelium-dependent relaxation via classical and alternative pathways. They also reported that endothelial tissue from male rabbits is more susceptible than that from females to the acute effects of complement activation.
The Laboratory Rat: Gender Differences in Outcome After Acute Brain Injury
The pathophysiology and outcome of acute neurological injury has demonstrated striking gender differences in experimental animal models and humans (Roof and Hall 2000) . For example, studies on the response to, and recovery from, traumatic brain injury (TBI) revealed that male rats developed more severe cerebral edema, a signi cant cause of secondary brain injury,
FIGURE 1
Mechanisms by which 17¯-estradiol may exert its neuroprotective effects. PCS, protacyclin synthetase (Roof and Hall 2000) . than did female rats following contusion to the medial frontal cortex (Roof, Durdevani, and Stein 1993a) . Similar ndings in humans have been reported by Groswasser, Cohen, and Keren (1998) . These investigators assessed 72 female and 262 male human head-injury patients for their predicted ability to return to their preinjury work level after hospital discharge. They found that female TBI patients had signi cantly better-predicted outcomes than did males with equivalent initial injury severity. In other words, females enjoyed some degree of neuroprotection after TBI that was not afforded to males.
The above ndings clearly support the hypothesis that gonadal steroid hormones contribute to the neuroprotection seen in females after TBI or ischemic cerebral injury. Estrogens may exert this effect by (1) effects on bcl-2 expression (Garcia-Segura et al. 1998); (2) effects on vascular nitric oxide formation (Arnal et al. 1996; Barbacanne et al. 1999) ; (3) effects on vascular Maxi-K channels (Valverde et al. 1999 ); (4) effects on leukocyte adhesion (Santizo and Pelligrino 1999) ; (5) antioxidant effects (Hall 1997 ); (6) effects on¯-amyloid production (Smith-Swintosky et al. 1994) ; and (7) direct vascular effect on cerebral blood ow (Roof and Hall 2000; Mendelsohn and Karas 1994) (Figure 1) .
The mechanisms by which progesterone provides neuroprotection have received less attention. However, progesterone has been shown to reduce membrane lipid peroxidation after experimentally induced brain injury (Roof et al. 1993b, Roof and Hall 2000) Furthermore, progesterone may protect against acute brain injury by GABA-mediated inhibition of neuronal activity (Smith 1994) .
Other Rat Models
Model of Depression/Hypercortisolemia Young (1996) recognized that in depressed humans there was a gender difference in hypophysis-adrena l axis (HPA) regulation and sensitivity to glucocorticoid negative feedback. A rat model of hypercortisolemia was subsequently developed, and data from this model suggest that there are differences between male and female rats in their response to exogenous corticosterone. The gender differences are partially modulated by circulating gonadal steroids. Lancaster (1998) investigated the impact that stress had on the intake of alcoholic beverages during puberty and adulthood using Long Evans rats. Newborn litters of rats were stressed by a daily 15-min/day separation from the mother on postpartum days 1 to 7 or left untouched with the mother on days 1 to 7. All pups were subsequently weaned on postpartum day 22, separated by sex, and individually housed. All pups were given free access to beer containing 5% ethanol, water, and regular laboratory diet. The resulting data suggested that early stress in male rats was linked to increased ethanol intake during the peripubertal and adult period and stunted body growth into adulthood. Early stress in female rats was linked to polydipsia (water) throughout development and continuing into adulthood, and to increased alcohol intake in adulthood.
Model of Stress/Alcohol Consumption

Model of Vascular Reactivity
In postmenopausal women, estrogen supplementation offers signi cant cardiovascular protection. Several researchers have investigated the mechanisms of this protection. Tran, Fung, and Forster (1997) explored the role of gender on vascular endothelial response to 17¯-estradiol in the rat aorta. Results from these experiments indicated that aortic rings from male or female rats produced gender differences in vascular reactivity to the direct relaxant effects of 17¯-estradiol and its interaction with noradrenalin-induced vasoconstriction. However, more studies are needed in this area because the data suggested not only an endothelium-dependent mechanism (female > male), but also an endothelium-independent process. Garcia-Villalon et al. (1996) examined gender differences in the effects of 17¯-estradiol on vascular adrenergic responses. Their results indicated that estrogen acts directly on postjunctional mechanisms to relax rat tail arteries of either sex, but the effect of the hormone on arteries constricted by adrenergic nerve stimulation is greater in females than in males. Similarly, Baker, Ramsey, and Ramwell (1978) were able to show that testosterone signi cantly potentiated the vasopressor action of norepinephrine in castrated male rats and increased blood pressure in male Spontaneous Hypertensive Rats (SHR).
Transgenic Mouse Models: Their Role and Gender Differences
The value of the rodent bioassay for determining the potential of chemicals to cause cancer in humans remains a subject of lively debate. Although most of the points and counter points of this argument are beyond the scope of this paper, it is clear that there is intense interest in alternatives to conventional rodent bioassays for assessing the carcinogenic potential of chemicals to which humans may be exposed. At a recent meeting of the International Conference on Harmonization Expert Working Group on Safety, representatives from drug regulatory agencies worldwide and the pharmaceutical industry acknowledged the limited utility of conventional studies (Adams and Cory 1991; Gulezian et al. 2000) . A new approach was proposed for carcinogenicity testing of pharmaceutical compounds involving transgenic mouse lines as possible short to medium term assay vehicles.
Four lines of genetically altered mice have been proposed to supplement the conventional 2-year rodent bioassay. The Tg.AC line carries an activated form of the v-Ha-ras oncogene (Laird and Jaenisch 1996) ; the p53 C=¡ heterozygote carries an inactivated copy of the p53 tumor suppressor gene (Donehower 1996) ; the rasH2 heterozygote bears the human c-Ha-ras gene (Yamamoto et al. 1996 (Yamamoto et al. , 1997 (Yamamoto et al. , 1998 ; and the XPA ¡=¡ mouse is de cient in nucleotide excision repair (de Vries et al. 1995) . Final de nition of the ideal, universally applicable transgenic rodent for carcinogenicity testing, if it exists, must await the outcome of continued research. The hope is that these models will yield more reproducible and reliable data for human health risk assessment (Munro et al. 1995; Hollstein et al. 1991; Bos 1989) .
The International Life Sciences Health and Environmental Sciences Institute, National Institute of Environmental Health Science/National Toxicology Program (NIEHS/NTP), Central Institute for Experimental Animals (Japan) (CIEA), and the National Institute of Public Health and Environment (Netherlands) (RIVM) are involved in an international effort to characterize and further evaluate the four transgenic lines discussed above (Gulezian et al. 2000) . Some gender-related differences noted in that database are summarized below.
Female p53-heterozygot e mice at 8 months have a 50% higher incidence of developing spontaneous lymphoma than males (Mahler et al. 1998) . Male rasH2 mice at 6.5 months have a 16% incidence of forestomach tumors compared to 0% in females (Yamamoto et al. 1996) . Female Tg.AC mice have a 50% higher incidence of spontaneous lung tumors than males (Mahler et al. 1998) .
Mice: Gender Differences in Autoimmune Diseases
Despite differences in pathology, a striking common feature of many autoimmune diseases in animal models and in humans is that females are highly susceptible to autoimmune conditions compared to males. In several animal models, estrogens promote, whereas androgens abrogate, B cell-mediated autoimmune diseases. Therefore, a major focus of research is to understand the immunomodulatory effects of estrogens in autoimmunity (Ahmed et al. 1999) . Table 1 lists human and murine models of autoimmune diseases where clear gender differences are present (Ahmed et al. 1999) .
Gerbil: Gender Differences in a Model of Stroke
It has been generally assumed that results from studies of brain injury in males would apply to females as well. Increasing evidence has demonstrated striking gender differences in the pathophysiology of and outcome after acute neurological injury. It is now well documented that the incidence of ischemic stroke is lower in premenopausal women compared to men (Roof and Hall 2000; Kannel and Thorn 1994) . Differences in the incidence of stroke in males and females have been documented in animal studies as well. In a study of gerbils, Hall, Pazara, and Linseman (1991) found that more male gerbils than females experienced clinical signs of stroke during a 3-hour unilateral carotid artery occlusion. This increased morbidity was due to increased amounts of postischemic neuronal necrosis in males.
Earlier research by several investigators had revealed similar ndings. For example, Berry et al. (1975) had also noted that more male gerbils developed cerebral infarctions after permanent carotid artery occlusion than females; Payan and Conrad (1977) found that mortality and the number of brain lesions were signi cantly higher in male gerbils compared to females, and Sadoshima et al. (1988) found that length of survival was greater for females than males after permanent bilateral carotid artery occlusion.
Hamsters: Gender Differences in Response to a Hypercholesterolemic Diet
Over 1,000,000 hamsters are used in research annually, and greater than 90% of these are Syrian (golden) Mesocricetus auratus. The major reasons for the selection of the Syrian hamster as a test model are availability and ease of reproduction, rapid development and short life cycle, relative freedom from spontaneous diseases coupled with susceptibility to many introduced pathogenic agents, and anatomical and physiological features with unique potential for study (Fox et al. 1984) . It has been widely reported in humans and in animal models that gender is a strong predictor of coronary heart disease (CHD) susceptibility and that males are more likely to develop CHD compared to age-matched premenopausal females. Wilson et al. (1999) designed a study, using a hypercholesterolemic diet (HCD), to see if similar gender differences existed in hamsters. These are the ndings:
² Female hamsters had signi cantly lower plasma total cholesterol and non-high-density lipoprotein cholesterol (nonHDL-C ) and greater high-density lipoprotein cholesterol (HDL-C) concentrations than male hamsters (¡15%, ¡33%, and 33%, respectively).
² Female hamsters had signi cantly greater low-density lipoprotein (LDL) particle size (4%), LDL 22:6 (21%) fatty acid, and rate of LDL oxidation (34%) compared to male hamsters. ² Female hamsters had signi cantly higher concentrations of plasma estradiol (49%) compared to male hamsters. ² Female hamsters also had signi cantly less early aortic atherosclerosis compared to male hamsters (¡77%).
These ndings demonstrated that female hamsters have less early aortic atherosclerosis and an overall improved plasma lipoprotein cholesterol pro le compared to male hamsters fed the same HCD.
Altered Sexual Behavior in Male Japanese Quail: In Ovo Test for Neuroendocrine Disruption
The Japanese quail (Coturnix coturnix japonica) was chosen as a test species because it is widely used as a research animal and its physiology and neuroendocrinolog y are well characterized. The role of endogenous estrogens in avian sexual differentiation is primarily to inhibit development of masculine characteristics (Adkins 1975 (Adkins , 1979 . Additionally, extensive studies have shown sexual dimorphism in terms of behavior and neuroendocrinology (Balthazart, Tlemcani, and Ball 1996) .
FIGURE 2
Zebra sh embryo test: evaluation steps and corresponding developmental stages (staging according to Kimmel et al. 1995) .
D semistatic exposure; bar D 0.1 mm for egg stages, 1 mm for posthatch stages (temperature D 26 ± C). Halldin et al. (1999) designed a series of studies with endpoints that related to the effects of exogenous estrogens on reproduction in Japanese quail. Ethinylestradiol (EE 2 ) and diethylstilbestrol (DES) were used as model compounds and were injected into the yolk of embryonated eggs. After the birds were raised to sexual maturity, sexual behavior, plasma testosterone concentrations, and testis morphology in adult males was examined. Embryonic treatment with estrogens during a critical period of brain development resulted in an irreversibly depressed response to the activating effects of testosterone on copulatory behavior in the adult male. In other words, exogenous estrogens organized the male brain in a nonmasculine way during embryogenesis. The window (or critical period) for this demasculinization ended around day 12 (Whitsett et al. 1977; Adkins 1975) .
Zebra sh-An Alternative: Applications for a Short-Term Embryo Assay
Historically, zebra sh (Brachydanio rerio) have been ideal bioassays for studying toxicological effects during development (Abedi and McKinley 1967; Sisinno et al. 2000) . The eggs are translucent and nonsticky. Zebra sh have a short reproduction cycle and are relatively easy to maintain (Figure 2) . Despite common use in toxicology, only recently have zebra sh been used to screen xenobiotics or pharmaceutical compounds. In Germany, a short-term zebra sh embryo assay has been developed. This test corresponds to the Organization for Economic Cooperation and Development (OECD) acute test TG 203 and the US EPA OPPTS 850.1075 (Oberemm 2000) .
With regard to safety testing, there is the obvious issue of bioavailability. Only test articles dissolved in the water are available for uptake into embryonic tissues. Other variables include the physiological properties of the embryo and its different compartments at different stages of development (Laale 1980; Oberemm 2000) .
CONCLUSION
What can we glean from this brief review of gender-based differences in nonhuman primates, swine, rabbits, rats, mice, gerbils, hamsters, quail, and sh? Estrogens modulate the pathobiological processes that underlie coronary artery and cerebrovascular disease, affording females a decided advantage. However, immunomodulating effects of estrogen promote, whereas androgens abrogate, B cell-mediated autoimmune disease. To date, at least two estrogen receptors have been characterized. This has provided some explanation for the varying effects of estrogens on different nonreproductive tissues such as bone and vascular endothelium.
Advancements in molecular biology techniques over the past decade have given us the ability to genetically engineer and even clone rodents, agricultural animals, and reach milestones toward cloning nonhuman primates (Chan et al. 2000; Schulhof 2000) . Advances in genetics have allowed us to associate a gene or family of genes with a protein. We can now ask the question: What are the effects of this protein on the entire system? In our conquest of the human genome, we are also discovering that across widely varied species, many gene families are highly conserved. In time, we can ask more speci c questions centered around a particular gene function that will be able to be more predictive not only for man, but many other laboratory animal species as well. With a greater understanding of gene function, we will be able to assay for early biomarkers of cell dysfunction and pathology, hopefully far in advance of malaise and morbidity. These genetic advances will ultimately transform testing paradigms, species relevancy and use, and usher in new questions for a new age of safety testing.
With the outpouring of so much important information, what is sorely needed now is a system or database(s) of shared scienti c information where physiological pro les and salient experimental data of the promising and more commonly used laboratory animals can be compiled.
